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ABSTRACT 

The microgravity environment of the NASA Shuttles and Russia’s Mir space station have been measured by specially 
r^cignpH a ccel e rometer systems. The need for comparisons between different missions, vehicles, conditions, etc. has been 
aridi rasMt by the two new processes described in this paper. 

The Principal Component Spectral Analysis (PCS A) and Quasi-steady Three-dimensional Histogram (QTH) techniques 
provide the means to describe the microgravity acceleration environment of a long time span of data on a single plot As 
described in this paper, the PCS A and QTH techniques allow both the range and the median of the microgravit^nv^nment 
to be represented graphically on a single page. A variety of operating conditions may be made evident by using PCSA or QTH 
plots The PCSA plot can help to distinquish between equipment operating full tune or part time, as well as show the 
variability of the magnitude and/or frequency of an acceleration source. A QTH plot summarizes the magnitude and 
orientation of the low-frequency acceleration vector. This type of plot can show the mkrogravity effects of attitude, altitude, 
venting, etc. 
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1. INTRODUCTION 

The NASA Lewis Research Center (LeRC), Cleveland, Ohio, manages several accelerometer projects for measuring the 
microgravity environment of the NASA Shuttle missions, Russia’s Mir space station, free flyers, and, in the near future, the 
Tmomotinnai Space Station. These measurements and the subsequent analyses are performed to support principal investigators 
performing scientific experiments on these carriers. 

The LeRC accelerometers that have flown on twenty-one Shuttle missions since 1991 are the Space Acceleration 
Measurement System (SAMS) 1 and the Orbital Acceleration Research Experiment (OARE) 2 . One SAMS unit has been used 
on the Mir space station since it was installed in September 1994. The SAMS measures the vibratory and transient 
acceientioa environment from 0.01 Hz up to 100 Hz with a set of three distributed triaxial sensor heads. The OARE measures 
the quasi-steady environment below about 1 Hz with a single triaxial sensor located near the Shuttle’s center of mass. 

The da t« sets from these instruments are analyzed by the NASA LeRC Principal Investigator Microgravity Services 
(PIMS) project and the results are provided to interested principal investigators associated with the microgravity experiments 
of a mission. A number of standard formats for data display have been developed to graphically display the data acquired from 
these missions. Standard formats include: acceleration vs. time, power spectral density (PSD) vs. frequency, and spectrograms 
(PSD vs frequency vs. time) 3, 4 . The particular technique used for an analysis depends on the type of information desired, the 
quantity of data considered, and the requester’s needs. For the wide variety of microgravity experiments, the operation tunes 
range from minutes to weeks, and Shuttle missions are typically one to two weeks long. The analysis of acceleration data 
using the above mentioned standard techniques can result in many pages of plots, particularly for long-duration experiments or 

missions. 

There has been a need to produce a meaningful, single-page summary of a mission, carrier, or time period so that 
comparisons may be made with another mission, carrier, or time period. The Principal Component Spectral Analysis (PCSA) 
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and the Ouasi-steady Three-dimensional Histogram (QTH) techniques were developed by the PIMS project to fulfill this need. 

As this rare* shows the PCSA and QTH techniques allow both the range mid the median of the microgravity environment to 
tedSd OB a singk fo, «» enta mission, lime penal otcoodiUOD of inwcsl H>es. plots may compared m 

order to determine the unique characteristics of each condition of interest. 

The PCSA plot is based upon the frequency distribution of the vibrational energy, and is normally ^ foran accekraUon 

oatural frequencies of ihc veto* (e.g. SAMS dm). moC^^ub^d 

opoo the dirccdoOMd magnitude of die acalexadoo vector and ‘snocmaDyosedfo'aweleiadondala sets wdhfreq y 

content less than 0.1 Hz (e.g. OARE data). 

Various operating conditions are made evident by using PCSA or QTH plots. Equipment operating either full or part tone 
(withsuffidenm^itude to be considered a disturbance) may be evident A source's magnitude and/or ftequency vmiabihty 
m^l^evi^tbyhwfi appears on a PCS A plot. Both the PCSA and the QTH plots can show the amount of vanahihty of 

the microgravity environment 

Further information on PIMS products and services may be viewed in on the World Wide Web at this location: 
http://www.lerc.iiasa.gov/WWW /MMAP/PIMS 

2. PRINCIPAL COMPONENT SPECTRAL ANALYSIS 

The source of microgravity acceleration data for a PCSA plot is a sampled data set produced by an acc^meter syston 
such as SAMS. The time^me to be analyzed is first divided into successive equal-duration tune intervals. The duration of an 
interval is chosen based upon the desired frequency resolution, which is given by 

Af = l/(Ati), (1) 

where Af is the frequency resolution (in Hertz) and Atj is the length of time (in seconds) in each of the intervals, roe PSD 
(inset of figure 1) for each interval is then computed. 

The next step in the PCSA processing is to determine the significant spectral peaks in each of the PSDs from all of the 

srrcosteliui^tomrals. R* rteWre of Hscussw » *1^ <** <6 f ^ 
magnitude value that is a local maximum, at least as high as any other m ag n i t ude print withm a specked freqi ^ y . * * 
roffrS^ncy range is usually specified by a number of frequency resolution mterv^(a^ghborhood) on either side of a 
data point Typical values for this neighborhood for SAMS data analyses are 0.05 - 0.10 Hz. 

roe magnitude and frequency of the significant spectral peaks are extracted from the individual PSDs and stored as 
inteim^i^srite. Fromthese sets of magnitude vs. frequency values, a twcMlimenswoal histogram is calculated by 
quantizing the values to desired resolutions, and assigning a count for each magnitude/frequency bin. 

The two-dimensional histogram calculation yields a matrix containing the number of points falling within each 
masmitude/freouency bin. The raw results from the histogram analysis are dependent upon the total time period analyzed (e.g. 

1 hour or 10 days^ larger time period would be expected to result in a higher number of coinadencesin any given bin. 
ISTto cm2* UfiS dependence, a nonnalization procedure is implemented by which the number o . « 

any given bin are divided by the total number of periods analyzed for the plot By doing this, a measure of the perce tag 
time is achieved by the following equation: 

t = £ x ioo %, (2> 

p M 

where L, is the percentage of time, p is the number of points frilling within any given bin, and M is the total number of time 
oeriodsanalyzed for the plot This data set is then imaged with a color or gray scale on a semi-log plot as shown in g • 
rohfiLe illustrates a PCSA plot for the SAMS data from the STS-78 mission which had the Life and Microgravity Spacelab 
(LMS) as the primary payload. Features of this data plot will be discussed in the next section. 

22 PCSA interpretation . 

Correlation of the PCSA plots with known mission events (e.g. Ku-band antenna dither, water pumps, compressors, eto) 
has irf to a method bj which L characteristics of a PCSA plot are related to mission activities and equipment operation. The 
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basic interpretation of the plot’s data is that the gray shading higher up the scale (i.e. towards lighter shades of gray) indicate 
that a magnitude/frequency combination occurred more often than that combination with a gray shading lower on the scale 
(i e towards black). The band of medium grays indicates the propensity of the microgravity environment to be m that region 
for much of the time included in the plot This is illustrated in figure 2 where, for example, the tendency is for the environment 
below 1 Hz to be around 1CT 9 g 2 /Hz. 

An individual set of significant spectral peak points extracted from a PSD indicate the upper levels of the microgravity 
environment for the time period of that particular PSD. This upper level of the microgravity environment is of interest to toe 
vast majority of principal investigators for their analysis of the microgravity environment For a PCS A plot the range ^of toe 
microgravity environment’s upper level is bounded by the upper and lower edges of the gray bands. Thus a single PCS A plot 
shows toe range of the microgravity environment for the time period of interest 

23 Mission characteristics 

The PCSA plot of SAMS data from the STS-78 mission (figure 2) will be used to show some of the characteristic 
discernible with the PCSA technique. Individual disturbances may be identified by certain characteristic shapes in a PCSA 
plot The STS-78 Shuttle mission’s primary payload was the LMS suite of experiments in the Spacelab module. 

The STS-78 mission had a single shift crew where all seven crew members were on toe same daily wake/sleep cycle. This 
mode of operation produced two distinct microgravity environment characteristics. During the crew active time, equipment 
operation and crew motion contributed towards higher acceleration levels, as compared with times for which toe crew 
members were resting or sleeping. These crew active periods contributed to toe higher magnitude disturbances (annotated in 
figure 2) between 10* and 10* g*/Hz from about 8 to 21 Hz. Similarly, crew rest periods (reduced equipment operation and 
lack of crew motion) contributed to toe lower microgravity levels between 1CT and Iff g 2 /Hz in the same frequency band. 

The Ku-band antenna on the Shuttle dithers at a controlled 17 Hz frequency to prevent mechanical stiction as it slews to 

track communications satellites. This fixed vibration rate produces the thin vertical line at 17 Hz in the PCSA plot. The white 

area (representing very few histogram ‘hits’) below the 17 Hz thin vertical line indicates that the vibration at 17 Hz did not 
drop below 2x10* g*/Hz for any appreciable time during toe mission. The conclusion drawn from this data is that the Ku- 
band is operating for most, if not all of the mission, as it normally does during a Shuttle mission. 

The v ehicle and payload structural vibration mode frequencies are seen in a PCSA plot as toe broad magnitude peaks in 
the lower frequency regions below about 10 Hz. The Shuttle and the Spacelab module combine to produce a unique set of 
peaks for each mission at frequencies below 10 Hz. 

The two large “humps" in the LMS PCS A plot at around 22 and 23 Hz were caused by the two refrigerator/freezers 
located in the Spacelab module. Each refrigerator/freezer operates with a motorized compressor/evaporator with a rotational 
speed and operating duty cycle which vary according to the load, power supply, and temperature characteristics. This 
produces a vibration which varies in magnitude, frequency, and duration. This results in a PCSA signature which does not 
occur in a tightly controlled frequency band. For these two refrigerator/freezers, the vibrations produced by the motor/ 
com pressor s were slighdy different and they cycled on and off at independent times during the course of toe mission. Jims, 
there are times when the environment around 22 and 23 Hz was not dominated by toe vibrations from one or both of these 
refrigerator/freezers. This results in histogram ‘hits’ below the 1 (T 5 g*/Hz level in that frequency range, as opposed to the 
white area at 17 Hz from toe nearly constant dither of toe Ku-band antenna. 

2.4 PCSA comparison 

There have been many situations when a scientist has asked the P1MS project to prepare a comparison of a period of tune 
from one mission with a period of time from either toe same or a different mission. Such a comparison is not reasonable to 
perform by »«™g standard PSD plots because the microgravity acceleration environment is so dynamic. Comparison of long- 
duration PSDs is hindered by toe non-stationary nature of the acceleration environment. Spectral averaging techniques 
intended to suppress spurious peaks and accentuate significant spectral contributions obscure the spectrum where bnef, 
transitory contributions occur. Selecting data from a “representative” time is anotoer complicating factor when trying to utilize 
standard PSD plots to illustrate the general microgravity environment 

A PCSA plot allows toe user to make a visual comparison between missions, carriers (e.g. the Spacelab module and the 
Shuttle’s middeck), time periods within a mission (e.g. crew active and crew sleep) and mission conditions (e.g. different 
Shuttle attitudes, different levels of crew activity, etc.). Tuning information has been removed by the processing to arrive at a 
PCSA plot but this technique provides the desired comparison with respect to the overall magnitude levels and trends. 



3. QUASI-STEADY THREE-DIMENSIONAL HISTOGRAM 


3.1 QTH methodology , r 

The source of microgravity acceleration data for a QTH plot is a sampled data set produced by a low frequency 
accelerometer system, such as the OARE. The raw OARE data are acceleration measurements digitized at a rate of 10 samples 
per second for <Lh of the X, Y, and Z axes . Prior to its use in QTH plots, the date arc transformed from the OARE coordinate 
wstem to the Shuttle body coordinate system 3 and a trimmean filter is applied to the data . The tnm^ tito is used to gain 
a better estimate of the quasi-steady acceleration levels. This filtering procedure ranks the collected data m order ofincreasing 
ma gmtate measures the deviation of the distribution from a normal distribution, and deletes (trims) an adapuvely^termmed 
amount of the data from the high and/or low ends of the distribution. 

value is assigned to the initial time of the interval analyzed 2 . For this paper, the filter was applied to 50 seron^W sampled 
data points) ofT) ARE data in order to generate a data point every 25 seconds Die filtered OARE data for *eSTS-62 mission 
(which contained the Second United States Microgravity Payload (USMP-2) payload 6 ) are plotted as acceleration vs. tune 

figure 3. 

From these sets of three-axis (X, Y, Z) magnitude values, three two-dimensional histograms are formed by plotting pairs 
of the three-axis data points (i.e. X-Y, X-Z, Y-Z) in three scatter diagrams. These three diagrams provide and top 

volumetric slices of the acceleration vector. The histogram is calculated by quantizing the magmtodes to a desired resolution 
(typically 0.05 pg) and assigning a count for an occurrence in each bin. A color is then assigned based on the number of 

occurrences that fall within each bin. 

The two-dimensional histogram calculation yields a matrix of the number of points falling within eadi histogram bin. 
Therefore, the raw results of the histogram analysis are dependent on the total time period analyzed (e.g. 1 hour or 10 days). 
A larger time period would be expected to result in a higher number of coinadencesm any given bin. In 
thistime dependence, a normalization procedure is implemented by which the number of occurrences in each bin is divided by 
the total number of periods analyzed for the plot. By doing this, a measure of the percentage of tone is achieved by u ing 
equation 3. 


, p =gxl00%. 


(3) 


wheretp is the percentage of time, p is the number of points falling within a bin, and N is the number of data points included in 
the QTH plot analysis. 

This data set is then imaged as the three scatter plots in figure 4. A single QTH data point should be viewed as the tip of 
an acceleration vector which represents the local quasi-steady acceleration environmental the location of interest. The 
location of die data point in the QTH gives a relative indication of the quasi-steady acceleration vector magnitude and 
direction. Die gray or color scale value indicates the percentage erf time which the vector magnitude and direction occurred 

within the total time of the plot. 

The OARE data from a mission may be transformed to represent the quasi-steady acceleration environment at different 
lryatim.8 on the Shuttle by utilizing the Shuttle state vector data. The transformed OARE data may then be used to prepare a 
QTH plot for a specific experiment location or any other position of interest within the vehicle. 

3.2 QTH Interpretation 

The OTH plot of the STS-62 mission will be used to show some of the characteristics discernible with this analysis 
technique^ Correlation of the QTH plots with known mission events (e.g. vehicle attitude, vehicle altitude, water dumps) has 
led to die interpretation of the QTH plot characteristics relative to mission activities and vehick equipment operation. ^ The 
basic interpretation of the plot's data is that the grays higher up the scale (i.e. towards hghtgray) mdicatethat the ^do^on 
vector felHntothat bin more often than those bins with a gray lower on the scale (i.e. towards black). The 

the propensity of the microgravity environment to be in that region for most of the time of the data included in the 
nriE bSTXl. tendonc, for the ,0*1.*^ accekmdo. anew «*s tobo near thomgions 
identified as A, B and C. These three regions are due to the three principal altitudes of die Shuttle for that mission. 

One primary attitude was with the Shuttle tail toward Earth and the cargo bay in the direction of flight, which resulted in 
the the acceleration vector to be near (X* Y b , Zj = (-0.7. 0.1, -0.5) pg, identified in figure 4 38 ^. Another 

nrimarv Side was with the cargo bay toward Earth and the right wing in the direction of flight, which resulted m the 

for the acceleration vector to be near (-0.7, 0.1, 0.2) pg, identified in figure 4 as (B). Another primary attitude was 



with the tail toward Earth and the belly in (be direction of flight, which resulted in the tendency for the 

ne £ (OL UK? 0.6) Hg. identified in figure 4 as (C). The predominant direction of the quasi-steady acceleration may be seen 

where the gray area is lightest. 

Durins Dart of the STS-62 mission, the Shuttle operated with die cargo bay toward Earth and die right wing in the 
diretfioQof St in an elliptical obit with altitudes of 105 nautical utiles (perigee) and 138 nauUcalmdes «V0gee)- 

. ryTu nlnt as the linear trace cxtcndinc in the Yh-axis direction, identified in figure C*^)* 

ZSEEISSSES Um^oaecmdlcta^ty —• 

(the Yk axis in this case). 

over the time period included in the plot. 

33 quasi-steady acceleration levels using plots of acceleration vs. time are not 

microcraSvamei-steady accepta tion levels slowly change over time and the overall conditions are not readily appare 
OTH Sots allow the userto make a visual comparison between missions, carriers, time periods of a given mission, and 
£££ activity, «c) bTScZg lb. icg^uon vrtabiliiy in lb. ,oasi-slerty a^lernuo. 

environment in a single plot. 

4. FUTURE UTILIZATION 

me PCSA and OTH plots are useful during the analysis of the vast quantity of data which has been received £rom <he 
oper^o^^e^Sstems on Shutt^missions and the Mir space station Even more so. these techniques will be 
useM*for analyzing the data from the accelerometer systems on the International Space Station. 

mese techniques may also be used as a calculation in an automatic dara mterpretation SqtSmLu 

PIMS for use during the International Space Station operations. Processing the missmn datausmg i ^SAan Q q 

wm aUow an autonratic system to recognize the mission activities which have been described in this paper. 

5. CONCLUSIONS 

science missions in oS* to derive concise, meaningful information in support of microgravity science experiments. 
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Figure 2: Principal Component Spectral Analysis plot of SAMS data for STS-78. 
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